We report influences of varying functionalities of thiols as chain transfer agents on the spatial frequency response, polymerization shrinkage, and thermal stability of a volume grating recorded in a photopolymerizable ZrO 2 nanoparticle-polymer composite film. It is shown that a substantial increase in the saturated refractive index modulation is realized at high spatial frequencies by doping with multifunctional thiols. Moreover, the incorporation of multifunctional thiols considerably suppresses polymerization shrinkage of recorded volume gratings and thermal changes in refractive index and film thickness as compared with the case of mono-thiol. These results indicate that multifunctional thiols provide effective control of the properties of nanoparticle-polymer composite volume gratings for various applications in light and neutron optics.
Nanocomposite photonic materials are constructed by dispersing a nanosized guest material in an optically transparent host material [1, 2] . Among them, organicinorganic holographic nanocomposite materials, the so-called photopolymerizable nanoparticle-polymer composites (NPCs), have been studied extensively so far. They consist of inorganic nanoparticles (such as TiO 2 , SiO 2 , ZrO 2 , and nanozeolites) that are uniformly dispersed in a host monomer capable of radical-mediated chain-growth photopolymerization [3] [4] [5] [6] [7] . Recently, we have demonstrated two-fold enhancement of the saturated refractive index modulation (Δn sat ) of ZrO 2 NPC volume gratings recorded at high spatial frequencies by doping with a single functional thiol (mono-thiol) as a chain transfer agent (CTA) [8] . This result suggested that the incorporation of a CTA in an NPC is very useful for holographic applications of volume gratings in light and neutron optics. Such chemical modification of NPC volume gratings may be more effective by doping with multifunctional thiols. This is so because polymer features such as the molecular weight and the crosslinking network density can be tailored more diversely by introducing multifunctional thiols in photopolymers [9] [10] [11] . In this Letter, we experimentally study the chemical modification of ZrO 2 NPC volume gratings by incorporating multifunctional thiols as CTAs to improve the spatial frequency response and mechanical/thermal stability. In particular, the former improvement is important to ensure Bragg-regime diffraction for applications in neutron optics [12] . Obtained results are compared with the case of doping with mono-thiol.
In the sample preparation we employed the same chemical composition of ZrO 2 NPCs that was used in our previous work [8] , except for doped multifunctional thiols having either two or three S-H functional groups. ZrO 2 nanoparticles (the average size of 3 nm) were dispersed at the concentration of 35 vol.% (the optimum concentration that maximizes Δn sat of NPC volume gratings of the same chemical formulation without CTAs) with respect to acrylate monomer, 2-propenoic acid [octahydro-4,7-methano-1H-indene-2,5-diyl)bis(methylene) ester (A-DCP, Shin-Nakamura Chemical Co., Ltd.) [5, 8] . Single functional and multifunctional thiols used in our experiment were methyl-3-mercaptopropionate (monothiol, Tokyo Chemical Industry Co., Ltd.) [8] , 1,4-bis (3-mercaptobutyryloxy) butane (di-thiol, Showa Denko K.K.), and tris(3-mercaptopropionate) (tri-thiol, SigmaAldrich), respectively. Chemical structures of the monomer and the thiols are shown in Fig. 1 . We also added titanocene (Irgacure784, Ciba) of 1 wt. % with respect to the monomer for green-light sensitization.
First, we investigated the photopolymerization kinetics of ZrO 2 NPCs doped with different types of thiols by means of the photo-differential scanning calorimetry to measure time-dependent conversion and photo-induced polymerization rate (R p ) in real time at a holographic recording wavelength of 532 nm. The detailed measurement method is described in Ref. [13] . Figure 2 shows parametric plots of relative conversion and R p for ZrO 2 NPCs doped with different thiols at low and high concentrations. The relative conversion was defined as a time-dependent conversion normalized by the final conversion [14, 15] . It can be seen that, as a result of the chain-transfer process, the maxima of R p increase with increasing thiol concentrations, independently of types of thiols. The rapid decrease in R p after the gel point conversion (i.e., the conversion point that maximizes R p ) [13] for the mono-thiol doped sample is caused by a rapid decrease in the number of propagating acrylate monomer radical chains because of the termination by thiols. This results in a reduction of the average molecular weight as compared with the undoped sample [8] . On the other hand, values for R p of the multifunctional thiol doped samples gradually decrease after their gel point conversions because of their developed crosslinking network densities, suggesting the improved thermal stability of recorded NPC volume gratings as compared with the case of mono-thiol doping. It also can be seen that the gel point conversion increases with increasing thiol functionalities and concentrations. Previously, we reported that the delayed gel point conversion resulted in lowering the viscosity of the system and polymerization shrinkage in thiol-ene photopolymerization [13, 15] . Our result shown in Fig. 2 suggests that multifunctional thiols can be used to reduce shrinkage further, as compared with the mono-thiol doped sample, because of the suppression of the rapid gelation in free radical-mediated chain-growth polymerizations [16] . These points will be examined by the holographic mechanical/thermal stability measurements described later in this Letter.
Second, we investigated the spatial frequency response of NPC volume gratings. We employed undoped and thiol-doped samples using mono-, di-, and tri-thiols at concentrations of 33, 29, and 17 mol.%, respectively. These concentrations maximize values for Δn sat at the spatial frequency of 1,000 lines/mm (at grating spacing of 1 μm) when unslanted plane-wave volume gratings were recorded at an intensity of 50 mW∕cm 2 . Details of holographic measurements at a wavelength of 532 nm are described in Ref. [8] . The refractive indices of the cured NPC film samples at a wavelength of 532 nm were measured by using an Abbe refractometer (DR-M2, ATAGO). Refractive indices of mono-, di-, and tri-thiol-doped and undoped NPC film samples were 1.5933, 1.5923, 1.5964, and 1.6000 at their concentrations of 33, 29, and 17 mol.%, respectively. Figure 3 shows spatial frequency dependences of Δn sat for NPC volume gratings without and with thiols. Measured spatial frequencies from 833 to 3333 lines/mm correspond to grating spacings from 1.2 to 0.3 μm, respectively. Data for multifunctional thiol doped samples are shown in comparison with those of undoped and mono-thiol doped ones [8] . It can be seen that the incorporation of thiols increases Δn sat at all examined spatial frequencies. The decreasing trend of Δn sat with increasing spatial frequencies is typical for multicomponent holographic photopolymers [8] . It may also be caused by the nonlocal photopolymer response [17, 18] . Despite that trend, Δn sat of the NPC sample doped with di-thiol is the largest (6 × 10 −3 ) at the highest spatial frequency of 3,333 lines/mm. This value is larger than that of the mono-thiol doped sample by a factor of 1.3. We attribute this improvement to the premature termination because of doping with thiols in free radical-mediated chain-growth polymerizations since the average polymer chain length shortens and the nonlocal photopolymer response can be reduced [19] . This result is particularly advantageous for efficient Bragg diffraction of a slow-neutron beam by an NPC volume grating, where its high spatial frequency response is required since the grating spacing enters the inverse of the KleinCook parameter quadratically [12, 20, 21] .
Finally, we evaluated the mechanical and thermal stability of recorded NPC volume gratings doped with thiols. In these measurements we recorded unslanted planewave volume gratings at the spatial frequency of 1000 lines/mm. Then, using a holographic method [8, 22, 23] , we evaluated the out-of-plane fractional thickness change (σ) of NPC volume gratings after recording because of polymerization shrinkage and thermal changes. Figure 4 shows thiol-concentration dependences of σ for NPC volume gratings doped with three types of thiols. Obviously, an increase in thiol concentration results in a decrease in σ. This result is consistent with delayed shifts in gel point conversion by doping with thiols in chain-growth polymerization as seen in Fig. 2 . Intriguingly, the incorporation of multifunctional thiols causes a significant shrinkage suppression as compared with the case of mono-thiol at any thiol concentration. This result is somewhat surprising since, as discussed on Fig. 2 , the crosslinking network density of the formed polymer increases with thiol functionalities [9] so that shrinkage is expected to increase by doping with multifunctional thiols. We consider that the observed shrinkage suppression is attributed to the "dark" shrinkage during the inhibition period on holographic recording. More specifically, the use of multifunctional thiols results in a longer inhibition period than the use of mono-thiol. The measured values for σ by the holographic method essentially correspond to shrinkage after the inhibition period. Our detailed study on shrinkage during and after the inhibition period will be published elsewhere.
Thermal changes of NPC volume gratings under operation cause Bragg-angle detuning that is also detrimental in all applications. Therefore, we also performed a thermal stability measurement of recorded NPC volume gratings doped with thiols. The detailed measurement method is described in Ref. [23] . Figure 5 shows measured Bragg-angle detuning (Δθ B ) as a function of the sample's tilt angle (ϕ) for 50-μm-thick NPC volume gratings doped with thiols at concentrations of 9.1 mol.% [ Fig. 5(a) ] and 33.3 mol.% [ Fig. 5(b) ], respectively. Here, ϕ was defined as the angle between the sample's surface normal and the bisector of the angle between the two recording beams. The sample temperature was 60°C (i.e., 35°C higher than the recording temperature of 25°C). It can be seen that the magnitude of Δθ B increases with increasing jϕj since a change of slanted grating angle because of shrinkage increases with increasing jϕj [22, 23] . Furthermore, the magnitude of Δθ B increases with thiol concentrations. This happens because the relative concentration of the organic components in an NPC sample and the average molecular weight increase with thiol concentrations. Despite such a trend in Δθ B , the magnitude of Δθ B can be smaller by use of multifunctional thiols (particularly, tri-thiol) since high crosslinking network density is produced by the incorporation of multifunctional thiols as compared with mono-thiol doping [9] .
The observed thermal changes of Δθ B are attributed to thermal changes in refractive index (n) and dimensional (thickness) of the NPC volume gratings since such changes additively alter the Bragg angle [22] [23] [24] . Therefore, we quantitatively evaluated the thermo-optic coefficient dn∕dT and the linear coefficients of thermal expansion (CTE) as a function of thiol concentration for NPC samples doped with three different thiols. Temperature dependences of n were measured for uniformly cured NPC samples by using an Abbe refractometer (DR-M2, ATAGO), from which values for dn∕dT were evaluated as described in Ref. [23] . It means that the addition of multifunctional thiols (particularly, tri-thiol) provides the best thermal stability of n among other thiol-doped NPC samples. Figure 6 shows thiol concentration dependences of dn∕dT for the three thiol-doped NPC samples at 25°C. It can be seen that, although the magnitudes of dn∕dT for all the NPC samples increase with thiol concentrations, those for the di-and tri-thiol doped NPC samples are smaller than that of the monothiol doped NPC sample. Figure 7 illustrates thiol-concentration dependences of CTE for NPC volume gratings doped with three different thiols. It can be seen that CTE slowly increases with thiol concentrations as the thiol functionality increases. For example, the NPC volume grating doped with di-(tri-)thiol provides a significant reduction in the CTE by a factor of 3 (4) at the optimum concentration of 29 (17) mol.% as compared with the CTE of the NPC volume grating doped with mono-thiol at the optimum concentration of 33 mol.%. This result indicates that the addition of multifunctional thiols (particularly, tri-thiol) provides lower thermal change in film thickness than that with mono-thiol since high crosslinking network densities can be developed by using multifunctional thiols. Note that a slight increase in CTE with increasing tri-thiol concentration is attributed to the dominance of decreased polymer molecular weight over increased crosslinking network density. The results shown in Figs. 6 and 7 clearly demonstrate that NPC volume gratings doped with multifunctional thiols can be more resistant against temperature changes.
In conclusion, we have investigated influences of varying thiol functionalities on the spatial frequency response and mechanical/thermal stability of volume gratings recorded in photopolymerizable ZrO 2 NPCs. We have demonstrated that the incorporation of multifunctional thiols results in (a) a substantive increase in Δn sat at spatial frequencies as high as 3333 lines/mm, (b) much lower shrinkage, and (c) less thermal change as compared with those of mono-thiol doped NPC volume gratings. In particular, we have shown that the incorporation of tri-thiol gives the best overall performance among the three thiols examined. Our results are important for understanding the role of multifunctional thiols on the holographic recording properties of photopolymer and NPC materials. They offer a simple method for controlling the NPC volume grating properties by chemical modifications for possible applications in light and neutron optics.
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